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SUMMARY

The propagation of high-intensity laser beams at 10.6 microns
through the atmosphere is limited by the presence of nonlinear effects
which may, under proper conditions, severecly degrade the quality of, or
attenuate, the aser beam., Of primary corcern is stiinulated Raman
scattering preduced by the major atmospheric constituents N2 and 02. To
date, theoretical estimates of the Raman-scattering cross sections have
been obtair-d by extrapolating the values measured in the visibhle region
to 10,6 microns, Nc¢ Raman-scattering cross sectiors have been measured
at 10,6 microns, or in fact, at any wavelength above 1.0 micron, Thus,
experimental verification of the waveler.gth dependence of the scattering

cross sections over large wavelength ranges have not been possible.

This semiannrual report desciibes Acrodyne Research's experi-
mental program for measuring .n¢ Raman-scattering cross sections of N2
and O2 at 10.6 microns. By measuring the inteasity of radiation scattered
from a 10, 6-micron laser beam by N2 and O2 relative to the well-known
radiative emission from COZ’ only relative measurements are made. Thus,
an absolute calibration is avoided, as are the numerous difficulties that arise

in absolute cross-section measurements.

Besides describing the equipm -t fabricated for the experiment,
the results of static and dynamic calibrations performed with the apparatus
are reported., The static calibration uses a known blackbody source and pro-
vides a measure of the sensitivity of the detection svstem to radiation in the
vicinity of 10 microns, The dynamic calibration is essentiaily a measurement
of the emission from the 9,4- and 10, 4-micron bands of Cﬂz following laser

absorption,

The calibration results indicate that the sensitivity of the experi-
mental facility, after sorm.e modification, is more than adequate to measure

the N2 Kaman-scatiered intensity from a 10-joule, 10,6-micron laser beam.

ix




The dynamic calibration of th2 detection systiin has demonstrated a suf-
ficiently fast risciime to monitor radiation during the 0,2-microsecond
laser pulse. In addition, preliminary data froin the CO2 emission yields a
collisional deactivation rate constant for the excited state of C(.)2 that is in

good agreement with published results,

1ae problem associated with I*iman cross-section measurements
has always been the intensity of radiatior scattered from walls and dust, as
well as the intensity of the Rayleigh coi o.ient of the scattered radiation
from the gas. The preliminary data in this report indicate that radiation
from the wa'ls Fas been reduced to an acceptable level in the pr.sent
apparatus by incorporating only a moderaie amount of baffling in the optical
system. Besides, the effects of dust at 10,6 microns have been found to be
negligible, The last source of background radiation, Rayleigh scattering,
will be eliminated by a CO2 absorption fiiter in the detection system. This
filter, unique for 10, 6-micron laser radiation, is being designed and integrated

into the experimental apparatus.

At present, the scattering chamber in the system is being enlarged,
and the baffle system is being perfected to eliminate completely wall scat-
tering. When this work is completed and the scattering cell is aligned in an
intracavity mode, the Rayleigh scattering from N2 and O2 will be measured.
Imicediately afterwards, the CO2 absorption filter will be installed in the

detection system, and the Raman scattering from N2 and O2 will be measured,
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1. INTRODUCTION

This semiannual report for DARPA/ONR covers efforts to date to
determine the Raman scattering cross section for N2 and 02 at 10, 6-microns.
The experimental approach used is the measurement of the intensity of radiation
scattered from a 10. 6-micron 'aser beam by N2 and O2 relative to the emission
from COZ‘ Because thie 002 emission is due to the transitions, 002(0001) —
(‘02(1000) + hv and 2(0001) — C02(0200) + hy, which have well known
radiative lifetimes, only relative measurements of the Raman scattering cross
sections are made. An absolute calibration is avoided as arc the numercus
difficuities which usually arise in an absolute cross -section measurement.

The principal spectroscopic tool used for the experiment is a selective
absorber composed of heated CO2 gas, which filters the Rayleigh, dust, and
wall radiation ut the laser wavelength from the signal incident on the infrared

detector.




2. THECRY OF THE EXPERIMENT

The rotational Raman spectrum from nitrogen produced by 10. 6-micron
radiation at 77°K is presented in Fig. 1. The line spicings are on the order of
eight reciprocal centimeters. Peak separation from the 10, 6-micron line is
appre._ulately 40 reciprocal centimeters. Isolation of the Raman radiation from
the primary beam and from both the Rayleigh and wall scattering is a major concern

when performing the experiment. The width of the Raman line depends on pressure

and is given by

Av='210—p \/W cm-1 (1)
where Av is the line width due to collisional broadening, b is the pressure in
atmospheres, and T is the temperature. At 100 atmospheres pressure,

the line width is approximately equal to the Raman-line spacing. Below 30 atmo-
spheres pressure, the overlap of the lines is small. However, the line overlap
and line shape are not critical in this experiment, s the total scattéred radiation in
a band would be measured. A more serious prcblem at high pressures s
collisional deactivation. Operation must take place over a range of prcssures

(1to 10 atmospheres) to ensure that deactivation is not limiting the mcasure-

meants,

Figures 2 and 3 show the experimental arrangement of the apparatus.

A CO2 10.6-micron laser pulsed once per second, illuminates nitrogen (or
oxygen) gas in a scattering chamber. In Fig. 2A, the scattering chamber is outside
the laser cavity, and the laser beam passes through the long vacuum cell containing

the scaitering region. The external power of the LUMGNICS laser system is
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50 megawatts. For the 200-nanosecond pulse, the laser pulse has 10 joules
energy. The intracavity option shown in Fig. 2B operates at about 625 mega-
watts output: corresponding to about 125 joules-per-pulse. T > date, we have

obtained measurements by using only the system shown in Fig. 2A.

The special requirements on the optical/detection system for this
experime it are
1. Suppression of scattered radiation at the 10, 6-micron laser
line (i.e., separation o1 the Raman-scattered radiation from
the primary beam);
2. Suppression of scattered radiation from the wall and dust in the
gas, particularlv severe due to the low Rama1 scattering cross

section; and

3. Sufficient sensitivity to observe Raman-scattered radiation,

The first requirement will he met by employing a linearly polarized CU2 laser beam
and the Raman scattere i radiation will be cbserved in a direction parallel to
the polarization vector in the incident laser beam. Thus, in Fig, 2, the

polarization vector is in the plane of the paper. This technique reduces both the
Rayleigh- and Raman-scattered intensities by a factor equal to the depolarization

_ -2,
DRayleig;h 1.2 x 1074;
while for pure rotation Raman scattering, o = 0.751. Similarly,for O, ,

=0.75.
n

ratio, 0. However, for Rayleigh scattering in Ny,

=1.4x 1672 and p

pRayleigh Rama

A further reduction in the 10.6-micron scattered radiation is
achieved by allowing the scattered radiation to pass through a cell containing
pure CO, gas at 600 to 700%K and 0. 10 atmosphere pressure. The gas acts as
a fi'ter to remove both the Rayleigh scattered radiation and the 10.6-micron
radiation scattered from the dust in the gas and from the wall. As shown in

Fig. 3, this absorption cell provides a 400-cm optical path length.




"

The transmission at the center of the P(20) line of CO, at
10. 6 microns is plotted in Fig. 4 as a function of gas temperature.2 Above
about 5 x 102 atmospheres of COZ’ the line becomes purely collision-broadened,
so that the curve shown in Fig. 4 is independent of gas pressure above 1071
atmosphere. Note that for the 4 meter path, the CO2 gas attenuates radiation at
the laser line by 10-3 and 10~ at the respective CO, temperatures of 600 and
700°K.

Besides the filtering by the CO2 absorption cell, suppression of
scattered radiation from the walls is a~hieved by employing a series of diaphragm

bafiles in the scattering chamber,

When N2(or 02) is the scattering chamber and 002 is in the absorption
cell, the above apparatus can measure th¢ Raman-scattered radiation from

Nz(or 02) into the IR detector.

U T S 3
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3. EXPERIMENTAL MEASUREMENTE

To date, the measurement program consists of the calibration
measurements on the infrared detection system and the nieasurements made
to evaluate the effecis of scattered radiation from the walls and from the

particles in the gas.

The infrared detection system is calibrated in static and dynamic
tests. The experimentai arrangements for these two calibrations are shown in
Fig. 5. The optical svstem is the same for both calibrations, except for the
addition of a plane mirror in the static calculation for observations of the black-
body source. In the dynamic calibration, the laser beam traverses the scattcring
chamber that contains pure CO2 at pressures between 1 torr ad 1 atmosphere.
Absorption by the CO2 excites the vg mode that subsequently radiates in the
4.37,9.47,and 10. 4 micron bands. The static calibration serves as a direct
check on ‘he sensitivity of the detection system because the blackbody emissior is
well known. The dynamic calibration serves to calibrate the operation of the
laser/optical system. The CO2 emission also serves as the reference with
which to ¢compare the Raman scattering emission, This comparison eliminates
the rerirements for knowing the (1) laser-beam geometry, (2) optical systzm

throughput, and (3) detector sensitivity,

3.1, Static Calibration of Infrared System

Figure 6 shows the transmission of the filter placed in front of the
Ge:Hg liquid-helium-cooled detection system. To calibrate the infrared system,
the filter transmission curve must be folded into the incident spectral intensity.
A blackbody source at different temperatures is used. The response of the system
to blackbody radiation is determined as follows: Let the blackbndy spectral
intensity be R{a)dA, the optical system tkroughput,including the lens and filter
YLe F(A:, and the response of the cell be R(A). R is essentially constant over the

Landpass of the filter. The output, V, of the detection system is defined by

11 Preceding page nlank
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0

V'= R[ F(A») B(yda *
0

where R is the calibration constant to be determined.

The calibration procedure consists of varying the infrared light
incident on the detector by varying the blackbody temperature and measuring
the output, V. In addition, the integral in Eq. (2 is evaluated over the

same temperature range.

The experimenta: setup is shown schematically in Fig. 5a, A
tank with a flask painted dull black on the inside serves as the blackbody.
The blackbory temperature is controlled by varying the temperature of the
water surrounding the flask. The fluid is kept in constant agitation so that
the temperature of the bath is uniform throughout the container. The radiation
coming from inside the flagk is imaged on the infrared cell. A light chopper is

placed in front of the source. The AC output of the infrared svstem is

o0

VBB=R/ F BdA -V, 5 3)
0

where Vc is the signal with the chopper wheel closed. The chopper whe 1 is
painted black to minimize reflections from its surface. Thus, VC is due to thermal
radiation from the chopper wheel, Consequently, Eq. (3) becomes

oD

VBB=R/ F(B - By) dA ,
0

—~
V39
~—

where B0 is the blackbody emission at the chopper-wheel temperature,

A typical calibration oscilloscope measurement is shown in Fig. 7.
Figure 38 shows the measured output of the infrared system in millivolts plotted

as a function of the blackbody temperature in °C. Note that the signal is zero

14
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at 24°C, which is the chopper-wheel temperature. At higher temperatures,

the output is positive; while at lower temperatures, it is negative,

The infrared system calibration consists of 1) correlating measure-
ments,as shown in Figs. 7 and 8, with theoretical calculations of the d=tector
system output given by Eq. (3), and 2) determining the responsivity. For a
chopper temperature of 24°C, the integral in Eq. {4) has the value

o0

f F (B - By)dA =3,45 x 107° AT watts/cm?-sr
0

so that the responsivity of the system is

VBB

3 ts-cm-2-sr !
AT volts/wa ts-cimn~¢-sr

R = 2.90 x 10°
The quantity AT is the temperature difference }.etween the blackbody source
and the chopper wheel. The measured signal ¢ tage VBB as seen in Fig. 8
is linear in AT so that the responsivity R is independent of AT. For the data

shown in Pig. 8,

_ -3
Vpp =6:28x107° AT (5)

so that

R=1.82 x 102 volts/watts—cm 2-sr ™% . (6)

The principal contribution to the noise level in the system is from shot
noise in the infrared detector and its bias circuit. Tl Ge:Hg detector at 4.20K
has a resistance of 180K ohms and is biased by 45 volts and a 100K ohm load .

The resulti.ig shot noise is

17
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. 2 g 12
V=G [2c i IRy + R: )] , (M

where idc is the dc current through the detector; f is the bandwidth of the system;

G = 17 is the voitage gain of the amplifier; and RD and RL

resistances of the deteztor and load. For the bias circuit describcd,

are the respective

-4
idc = 1.61x 10 aimperes, so that the noise is

- 9
v. =25 %1072 ¢/2

N volts. (8)

The electrical bandw.dth was determined experimentally by measuriug
the rise time of the complete electrical system with the cooled detector installed.
The system 1/e risetime was 0.3%75 pusec, which corresponds with a bandwidth of

0.42 MHz. Consequently, the noise voltage is

Vg =16x 1078 i, (9)

This noise level is consistent with the measurements shown in Fig. 7. Combining
this noise level with Eq. (5) then yields the signal-to-noise ratio for the static cul-

ibration as
S/N = VBB/VN =90.39 AT

Therefore, the signal-to-noise ratio is unity for AT = 2.6°C.

18




3.2 Dy.amie Calibration of Infrarcd System

The dynamic calibration employed the ezperimental arrangement
shown in Fig. 5. The scattering chamber was filled with CO2 al pressures
from about 8 torr to 1 atmosphere, A laser beam at several joules ner-pulse
was focused at the center of the tube with a one meter lens, The focusing
was not as good as the hcst when we previously measured a beam
spot size of 4 mm. For the calibration, the beam cross-section diameter at
the focal point was 8 mm; this is depicted in Fig. 9, which shows the 3pot
burned on exposed Poiaroid film by the laser beam at the point where the
optical system observes the laser beam .

Fig. 9. Laser Spot Size (Full Scale) for Prcliminary Data from CO2 Dynamic
Calibration.

19
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The dynamic calibration measurements enable us to make a
preliminary judgment of the performance of the experimental system. In

particular, we observed the radiation from CO2 at 10 microns excited by

the laser beam, and from thiz, we can make direct predictions of the zen-
sitivity of the experimental system to observe the Raman scattering. There
is no need for absolut2 measurements, as the intent of this experiment is to
make a reiative measurcmcut of the Raman scattering with respect to the CO2
emission, The 002 emissicn can also be compared with the other sources

of radiation that are obtained from the walls of the scattering chamber,

as well as to the radiation scatiered from dust. In these preliminary measure-
ments, there were no baffles in the scattering chamber, neither along the laser
beam, nor in the direction of the optical detection system. However, a Mylar
conical hern was placed at an angle about 140 cm downstream of the observed
scatiering volume that collected and dissipated the laser energy. Apparently
the backscattering from this horn was quite small, and the radiation scattered
in the direction of the optical system was much less than expected. In fact,

it is low enough that one can almost use the simple hot CO2 absorber alone

in the detection system 10 eliminate that level o1 scattering. The scattering
from the dust in the gas was »nt observed, even operating at one atmosphere.
Apparently the tank of CO2 was quite pure and did not have sufficiently
large-diameter particles to increase substantially the observed vackground
radiation. At vacuum or at one atmosphere pressure, the observed

background radia*icn was due to the wall scattering.

—
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Beiore presenting the experimental measurements, we shail describe
the expected shape of the signal with CO2 in the scattering chamber. If the
scattering chamber were filled with pure 002, ther. irradiation by a CO2 laser
would produce absorption by the CO2 molecules. The detector monitoring the gas
(with an evacuated absorption cell in frort of the detector) immediately after the
laser pulse would measure the 8, 4- and 10, 6-micron radiation emitted
by the vibrationally excited 002(0001) molecules. Since the absorption cross
section for the 002(1000) state and the radiative lifetime of the C02(00°1) state
are well known, this measurement calibrates the apparatus and essentially yields
a Raman scattering cross section for N2 relative to the absorption cross section

of CO2 at 10.6 microns.

In this calibration procedure, the CO2 gas pressure is set to yield a
signal at the detector comparable in intensity to the Raman-scattered signal. The
calibration is run under the same conditions as the Raman scattering experiment.
The laser operating parameters, the detection system, and the wavelength of the
radiation are all kept the same in both cases,

During the laser pu'se, the population of the CO2 (00°1) state increases
by

C02(10°0; J=20)+hy - 002(0001, J=19)

The incident laser power density is sufficiently high in this apparatus

(B, ~4x 108 watts/cmz) to saturate the absorbing C02(10°0;J =20) level.
Congequentiy, at the end of the laser pulse, the population of the entire 002(000 1)
vibraticnal state is equal to the population of each vibrational state coupled to

the 002(1000) state. At 3009K, this coupling is due to the following reactions:
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€0,(02°0) + CO, = CO,(10°0) + CO, - 102 cm!

k

002(0220) +CO, i C0,,(1090) + CO, - 52 em™ !

k o -
COy(0110) + C0,(0110) & €O, (0220) + C0,(00°0) -2 cm o

As quoted by Taylor and Bit:terman,3 the rate constants und the corresponding

characteristic times for these processes are

. -9 .
k, =1.9x 10-11 cm3/sec; T, = 2.2X v o0
1 1~ " p
CO2
-11 3 1.7x 1070
k, =2.3x 10 cm /sec; T, = = sec
2 2 P,
COz
-11 3 6.7x 10
k3 =1.5x 10 em®/sec; Ty = — sec
3 P
C02

Repopulation of the CO,(02°0) and 002(0220) states by

002(0110) + €O, — €0, (02°0 or 0220) + CO,

has a characteristic time of 90 usec at pcoz =1 atm and,consequently, is not

of importance during the 0.2-psec laser pulse. The repopulation of the

C02(0110) state from the ground state is even slowei (=~ 180 gsec at pCOZ =1 atm),
so that the 802(1000) state is effectively decoupled from the ground state,

The rate constants listed above indicate that for Pco > 0.10 atm,
2
tie population of the 002(000 1) state is given by
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[coz<oo°1)1 = [CO,(1v°0)]

(8] N d
[CO,(02°0}] exp | - (E 0, - E ;50¢)/KTI

[C0,(02%0)] exp | - (E

10% ~ Eg220)/kTI

Al 1 - -
= [CO,(0170)] exp | Eqq1)/KT]

070

Coupled with the fact that
[CO,(00°1)] + [CO,(10%))+ O, (020 + 1002(0220)] + 1002(0110)]
=bco2 (00°1)] + [€C0O,(1000)] + [C05(02°0)]

+(C0,(6220)] + 1002(0110)]]equil

one finds that the 002(0001) concentration at the end of the laser pulse is

[CO,(00°1)] = 0.69 [CO (10°0)]
I} 2 .
equil

=2.4x 10]6pc()2 (10)

at 306°K. In Eq. (10), the COZ pressure is in atn.ospheres.

For PCO, < 0.10 atm, the 002(0001) concentration is given by a
similar expression,except with no contribution from the 002(0110) state,
since at such low pressure, the 002(0110) state is dccr.upled from the CO5 (0299)
anrd 002(0220) states diring the laser puisc. Consequently,for p002 < U. 10 2ty

~
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[CO,(00°1)] = 0.85 [co2 (10 0)]equil

(11)

During the interval immediately following the laser pulse, the
C02(00°1) population is decreased by

002(0001) + CO, L (o] 0]

2+CO2

"10.6
C02(00°1)+hv - 002(1000) +hvy

;
CO,(0001)+hy oL, C0,(02°0) + hv

T

€0,(00°1hy 2 CO, +hy

where thg radiative lifetimes are T10.6 ~T9.4 4.7 sec, and Ty3°= 3 x 10-3sec,

and the rat> constant k ~ 4 x 10~1° em3/sec at 300°K:.3 Therefore, after the COZ

11l o

ascr pulse, the CO2 excited state population is

[co,0001)] = [002(0001)]1 YT , (12)

where

apd
1/7 =k [c0,] = 10° peg,

The 10. 4-micron band emission from the laser excited CO2 is

observed b; the infrared detection system. The voltage output oi the system is
given by the relation
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™ [CO5(u00D)], e , (13)

v mpd
Vco, “RF g

where R is given by Eq. (6), F is the mean filter iransmission at the
detector (F = 0.60), d is the effective diameter of the CO, gas volume enitting
radiation, and T, = 4.7 sec is the radiative lifetime. For the calibration
measurements run to date, d =0.8cm. By using Eq. (6) for R and Eq. (1V)
or (11) for [COZ(OOOI)] , the voltage output becomes

-4 -t/

vV =

1
CO,

lB. 6x 1074 pCO2e°t/7 1/30 atm < PCO, < 1/3 atm .

When comparing Eq. (14) with Eq. (9), the predicted signal-to-noise ratio

for this measurement becomes

0.04 pcoze-t/‘r : >1/3 atm

, pC02
(%) - (15)
CO, .

0.05 pcoze't/ "5 1/30atm<pgg, < 1/3atm

For the calibration runs to date, an f/1 lens was used in front of the
infrared detector to increase the source area and the responsivity by a factor of
15. In addition, the interference filcer was not used, so that the emission fro.n
both the 9.4- and 10. 4-micron bands of CO., were observed. Consequently, for
these calibration runs, the signal given hy Eq. (i4) and the signal-to-noise
ratio given by Eq. (15) must be multiplied by the factor 16(1/0.60)2 = 53. 3.

The vesulting signal-to-noise ratio is then
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ol pCOZe pCOz > %atm
(I%) = (16)
CO
2
-t/r 1 1
2. =) =
7 pCOze 35 atm < pC02< 3 atm

Several oscillograms showing the observed radiation from the
scattering chamber containing CO, are displayed in Fig. 10. Figure 10A was
taken with a vacuum in the chamber; Fig. 10B at 17 torr; Fig. 10C at
100 torr and Fig. 10D at 500 torr. Note the large off-scale spike at the
beginning of the trace. This spike is due to wall-scattered radiation that dom-
inates the initial signal. After several microseconds, the system recovers, and
the residual radiation is due to the CO2 emissior. Note the variation of relaxa-
tion times with pressure, aund the lack of a residual signal in the vacuum data.
Since pure CO2 is used, one obtains a rate constant for deactivating the CO2 (0001)
state in CO2 collision. An analysis of data indicates a rate constant of 1x 10-14cc/sec,

which agrees with the rate constant reported in the literature.

3.3 Predicted Signal- to-Noise Ratio for Raman Scattering Measurements

The signal-to-noise ratio for the high pressure CO2 ruus, extrapolated
to zero time, is of the crde- of 30. Thiz ratio is about a factor of ten greater than

the predictionc of Eq. (16). Even though this data represents the initial preliminary

‘runs, we shall use it to make predictions of the Raman-scattered radiation from N2

and 02.

The Ramar =cattered radiation incident on thr: infrared detector pro-
duces the voltage

VR = RFdPI R [N?.] , (17)
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a. 10 mV/cm, 10usec.

5 mV/em,

50 psec/cm.

Fig.

10.

Vacuum,

17 Torr of COy

COy Dynamic Calibration

: Reprcduced from 8
27 I—l::fl' available copy.
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C.

do

10 mV/cm,

10 mV/cm,

Fig. 10.

20 usce/cm. 100 Torr of COg.

10 usec/cm, 500 Torr of Co,

CO9 Dynamic Calibration (continued)
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